A positive effect of protein on the measurement of ionized calcium in serum by ion-selective electrodes (ISEs) has been previously reported and the present study confirms this finding, Ionized calcium in serum was measured in the presence of increasing protein concentrations induced by venous stasis in 17 healthy volunteer subjects. Ionized calcium was measured using two commercial analysers, a Radiometer ICA2 analyser and a Baker Analyte+2 analyser, and a calcium cell devised by Covington for the calcium reference method (CRM). Both commercial analysers used charged ionophores and the CRM used a neutral carrier ionophore in the selective membrane. A small but significant rise in ionized calcium with increasing protein was measured on all analysers, Substitution of isotonic KCI for saturated KCI in the reference electrode of the CRM resulted in significantly reduced values for ionized calcium in paired serum samples when measured using the isotonic salt bridge. This study supports the premise that the positive effect of protein is related to the salt bridgeconcentration ofthe referenceelectroderather than the ISE membrane composition.
SUMMARY.
A positive effect of protein on the measurement of ionized calcium in serum by ion-selective electrodes (ISEs) has been previously reported and the present study confirms this finding, Ionized calcium in serum was measured in the presence of increasing protein concentrations induced by venous stasis in 17 healthy volunteer subjects. Ionized calcium was measured using two commercial analysers, a Radiometer ICA2 analyser and a Baker Analyte+2 analyser, and a calcium cell devised by Covington for the calcium reference method (CRM). Both commercial analysers used charged ionophores and the CRM used a neutral carrier ionophore in the selective membrane. A small but significant rise in ionized calcium with increasing protein was measured on all analysers, Substitution of isotonic KCI for saturated KCI in the reference electrode of the CRM resulted in significantly reduced values for ionized calcium in paired serum samples when measured using the isotonic salt bridge. This study supports the premise that the positive effect of protein is related to the salt bridgeconcentration ofthe referenceelectroderather than the ISE membrane composition.
Additional key phrases: reference method; venous pressure; albumin; liquid junction Since Ferreiria and Bold l first noted that the ionized calcium determined in serum was higher than that of its ultrafiltrate, much work has been done on the effects of protein on the performance of calcium analysers. This has become increasingly important now that the International Federation of Clinical Chemistry (IFCC) in conjunction with the Bureau Communautaire de Reference (BCR) is addressing the problem of developing a reference method for the measurement of ionized calcium. There have been conflicting reports on the effect of protein on ionized calcium determinations. Thode et al. used in vitro equilibrium dialysis activity measurements to support their theory that protein does not directly influence calcium activity measurements in serum." In addition, their in vivo data, in contrast to that of Butler, et al. 3 failed to show any significant correlation between serum albumin and ionized calcium. In vitro Correspondence: Dr R Freaney, Metabolic Unit, 51 Vincents Hospital, Elm Park, Dublin 4, Ireland. studies by Payne" and our group" have shown a positive bias due to increasing albumin concentration and we also demonstrated a positive in vivo effect following venous stasis.! Payne's most recent publications suggest that the composition of the salt bridge electrolyte is the most critical factor in the electrode's response to protein.v" The present study is the first in which ionized calcium measurements obtained using the prototype calcium electrode are compared to those obtained using commercial analysers following in vivo protein changes.
This study examines apparent ionized calcium activity in the presence of changes in protein concentration. It compares the results of ionized calcium measurements obtained during in vivo albumin and protein changes induced by venous stasis in healthy human volunteer subjects. The results were generated using two commercial analysers (ICA2 and Baker) and the prototype calcium reference method (CRM) electrode all with different salt bridge and membrane compositions. In addition, the effect of the differing salt bridge concentration on the determination of ionized calcium was examined.
METHODS

Study design
Blood was taken from 17 healthy volunteers aged 22-36 who were not on any medication. The protocol was approved by the ethics committee at St Michael's Hospital; informed consent was obtained from all volunteers. An intravenous cannula was inserted without venous stasis and the first blood was drawn. A sphygyomanometer cuff was applied to the arm and inflated to 9OmmHg. Blood was taken at 2'5,5'0,7'5, 10· 0 and 15· 0 min after application of the cuff. The blood was collected in Vacutainers and allowed to clot naturally on standing. It was then centrifuged and the serum transferred anaerobically to syringes. These were then analysed with the smallest possible delay. Total calcium, ionized calcium, albumin, total protein and pH were measured.
Ionized calcium analysers
Ionized calcium was measured using the three different ion-selective electrode systems: the Radiometer ICA2, the Baker Analyte + 2 and the CRM apparatus. The ionophore used in the commercial analysers was calcium(di-noctylphenyl) phosphate ion-exchanger. ETHl00l neutral carrier ionophore was used in the CRM. The ICA2 had a cellophane membrane covering the selective membrane. All analysers utilized an open static liquid junction. The reference electrode salt bridge solutions were different in each of the analytical systems. The ICA2 used a 4·6 M sodium formate bridge solution, the Baker a 1· 5 M KCI solution and the CRM a KCI solution saturated at 37°C. All measurements were carried out at 37°C. Both of the commercial analysers also gave a simultaneous pH measurement. The commercial analysers used the recommended calibration procedures and the ionized calcium measurements were performed according to manufacturer's instructions.
The CRM apparatus was developed as part of a BCR programme for ionized calcium measurement under the European Working Group on Ion-Selective Electrodes (EWGISE) proposals for a reference method for ionized calcium.v'? It is a simple configuration, independent of manufacturer's favoured configurations for a calcium analyser, consisting of a calcium selective electrode and a reference electrode only. The calcium selective membrane contained the neutral carrier ionophore, ETHl00l, in a PVC membrane using o-nitro phenyl octyl ether (o-NPOE) as the plasticizer. Details of the exact composition of the membrane and membrane manufacture have been published. 10, 11 The CRM does not measure pH. Potentials were measured using a Jenway 3040 ion-analyser in mV mode, as specified by EWGISE. 1O This millivolt meter has a 0'1 mV discrimination. Evident from the Nernst equation is the fundamental fact that an error of O' 13 mV is equivalent to a 11170 error at all measured concentrations. A variation of 0'1 mV will correspond to an error in ionized calcium concentration of approximately 0'78%. At a typical concentration of I· 25 mmol/L this will correspond to a change of O·01 mmol/L in measured concentration. The CRM used three primary calibrating solutions, 0·4 mmol/L, 1· 25 mmol/L and 2· 50 mmol/L ionized calcium standards with an overall ionic strength of 0'160 M by the addition of NaC!. These differed from the standards recommended by EWGISEIO in that the low calcium standard of O' 25 mmol/L was replaced with a O' 4 mmol/L standard. The calibration sequence was a shortened version of the one laid down by EWGISE.1O The potentials of the calibrants and serum samples were measured after 90 s in order to maintain similar analysis times to the commercial analysers. Serum samples were measured twice and a one point calibration was performed before and after each serum sample to check for drift. If the potential between each one-point calibrant differed by more than O' 1 mV, a two-point calibration was carried out. Two-point calibrations were carried out after every fourth serum sample. The cell was flushed out with 5 mL of a 1· 25 mmol/L calcium flush solution between each serum sample.
Total serum calcium was determined by atomic absorption spectroscopy. In the analysis of protein and albumin, pre-and post-venous stasis samples were analysed in the same batch. The protein concentration was determined using the biuret method. Precision of the method was 1-09% within batch and 1'64% between batch. Albumin was determined by the bromocresol green technique. Precision was 0' 58% within batch and 2'62% between batch.
A second experiment assessed the effect of altering the salt bridge concentration of the reference electrode on measured ionized calcium. The saturated KCI in the CRM was replaced with isotonic (0'15 M) KCI and 21 paired samples from hypocalcaemic, normocalcaemic and hypercalcaemic patients were analysed with both configurations. Paired samples were chosen so that the protein and electrolyte composition would be identical. Thus, any changes observed were due to the salt bridge solution alone, not ionic strength or protein alterations. The measuring protocol was as described above.
Statistical analysis
Percentage changes of albumin, total protein and total and ionized calcium from the basal concentrations were calculated and subjects divided into two groups based on the percentage albumin rise; a cut-off point of 15% was chosen. Group 1 contained 10 subjects whose serum albumin level increased greater than 150/0 over the basal level were designated as 'responders'. Group 2 contained the remaining seven subjects whose mean change was 5% in serum albumin during the same period were designated as 'non responders'. Group 2 served as a control group. A paired Student's t test was performed to compare basal values with those at each of the five time intervals; a Bonferroni correction of the level of significance was calculated in view of the multiple comparisons. The effect of changes in albumin and total protein concentrations on ionized calcium was examined by linear regression analysis using the least squares method. The p values refer to two-tailed tests.
RESULTS
All subjects participating in the study showed an increase in serum total protein and albumin concentrations following venous stasis. The magnitude of the increase varied significantly between subjects (Tables 1 and 2 ). The subjects were therefore divided into two categories as previously stated. Serum pH did not alter significantly in individual subjects during the period of venous stasis (Tables 1 and 2 ). In Group 1 ('responders') increases from basal levels were statistically significant for all variables after 2'5 min of venous stasis (P<O·Ol). In Group 2 ('non responders') protein changes were minimal Effect of venous stasis on ionized calcium measured by the three analysers in Group 1 and Group 2 subjects. In Group I, ICA2 (0), Baker Analyte+2 (0) and the referencemethod ( s ). In Group ICA2 (.), Baker Analyte +2 (.) and the reference method ( .. ).
The symbols represent mean values.
by definition; likewise changes in total calcium and ionized calcium were minimal ( Table 2 and Fig 1 and 2) . Figure 2 shows the increases in ionized calcium measured by all three ion-selective electrodes in Groups 1 and 2. Correlations between ionized calcium and albumin and total protein in the serum samples during venous stasis are shown in Table 3 . The data for the linear regression in Table 3 was derived from the difference in concentration between basal and 15 min values of serum albumin and protein, and ionized calcium measured by the ICAl and Baker (n = 17)and measured by the CRM (n = 11). The results suggest that an increase of 10 giL of albumin would result in an increase in ionized calcium of O' 0269 mmollL measured by ICAl, 0'0197 mmol/L measured by the Baker, and O'0273 mrnol/L measured by the CRM. An increase of 10 giL in protein would result in an increase in ionized calcium of 0·0213 mmol/L measured by ICAl, O'0160mmoIlL measured by the Baker, and 0·0169 mmollL measured by the CRM.
During the venous stasis study, three of the 17 subjects had serum total calcium values which exceeded the reference range for healthy subjects. In two of the subjects, ionized calcium was high. The increase in ionized calcium occurred only after substantial protein increases at 15 min.
Analysis of paired serum samples (n = 21) showed that the ionized calcium measured using the isotonic configuration was greatly reduced 1· 255 ±O' 197 (range O' 86-1'71) with saturated KCI (Fig. 3) . While ionized calcium measured by the isotonic configuration was significantly lower, there was a good correlation between results generated by both configurations (r=0'98, P<O·OOl). magnitude of the change in mV over the period of venous stasis in Group 1 subjects was approximately O·4 mV or O'04 mmol/L, In healthy people ionized calcium is maintained within very narrow limits. The reference range spans approximately 0'14 mmol/L. This corresponds to a change in potential of 1.4 mV. Therefore the change of 0'4 mV observed in Group 1 subjects, while small, is substantial in clinical terms.
DISCUSSION
Bridge electrolyte concentration
While the design of the experiment did allow us to assess the magnitude of ionized calcium rise, it did not allow us to establish the cause. The use of the term apparent with respect to the proteininduced increase in measured ionized calcium is important as different views are held as to whether this increase is a direct effect of protein on the calcium electrode system or a predictable consequence of the Donnan equilibrium. A previous publication has listed evidence for both these theories. S However, the differences in the designs of the analysers does allow us to speculate about events. The increase is unlikely to be a direct effect of the protein binding on the selective membrane as the ICA2 analyser, which has a protective membrane covering the selective membrane, experiences the same magnitude of change as the other two unprotected analysers, The suspicion that the rise is due to protein interference at the reference electrode liquid junction, as Payne suggests, is borne out by the fact that all analysers which use hypertonic salt bridge solutions experienced an increase in measured ionized calcium. In this study, the Baker analyser, which uses the least hypertonic bridge solution showed less pronounced rises in ionized calcium, until gross changes (>20% rise) in protein occurred (Figs 1 and 2) . At hypertonic liquid junctions, protein is denatured'? and the denatured protein forms immobile polyanions at the junction between the protein and KCI and this gives rise to a positive junction potential.'! Payne has carried out many elegant experiments to support the hypothesis that the interference occurs at the liquid junction. In one such experiment, he found that reducing the salt bridge concentration from hypertonic to isotonic KCI reduced protein interference."
A further study comparing ionized calcium in a small number (n = 21) of paired serum samples was performed and tended to support the idea of salt bridge dependence on measured ionised calcium. Paired samples would of course have the same electrolyte and protein composition and thus any changes that result are due to the effect at the liquid junction alone. The CRM was used to
Hypertonic Isotonic
Venous stasis, which results in a steady rise in protein concentration over time, allows us to investigate the effect of increasing protein concentration on measured ionized calcium in human subjects. The variation of serum albumin and protein in response to venous stasis within the test subjects was co-incidental rather than a feature of study design. It did, however, allow us to compare the effect of marked increases in protein concentration in one group of human subjects compared with a second group showing lesser changes over the 15 min venous stasis period.
Our results show that the increase in measured ionized calcium with increasing protein concentration is independent of instrument design and configuration. There was a statistically significant increase in ionized calcium measured by all three analysers following venous stasis and protein increases in Group I. In Group 2 subjects the increase in ionized calcium was not significant, being less than 10/0, while in Group 1 it rose to 3% (Fig. 2) . The discrimination in the measuring equipment used with the CRM was 0·1 mY; a variation of O' 1 mV corresponds to an approximate change of 0·01 mmol/L in ionized calcium at a concentration of 1·25 mmol/L. The measure serum ionized calcium concentration in the paired samples using hypertonic and isotonic salt bridge solutions. Ionized calcium concentrations measured by the isotonic instrument were greatly reduced compared to those measured by the hypertonic. That these large changes in measured ionized calcium occur supports the premise of the liquid junction as the major site where protein influences ionized calcium measurement. If the suggestion that isotonic KCI shows no protein interference is true, 6 it is possible that these figures reflect the actual ionized calcium level in blood. These findings are especially important now that a reference method for ionized calcium is being developed. The implications for the BCR study is that potential calibrating solutions must contain protein in order to reduce the positive bias caused by aqueous calibrants when measuring protein samples, and the use of a saturated salt bridge solution in the CRM must be examined. Buckley et al. using cells without liquid junctions did not observe protein interference on ion-selective electrode measurement of ionized calcium or sodium. 14 An unexpected clinical feature was the unpredictability associated with venous stasis. In subjects whose protein altered greatly there were significant increases in ionized calcium after only 5 min venous stasis. It is not unusual to have lengthy venous stasis if there is difficulty in drawing blood. It is therefore useful to document electrode response to protein increase for commercial calcium analysers. A clinical point which should be stated is that whatever the reason for the apparent increase in ionized calcium, the hypercalcaemia demonstrable in total serum calcium and to a lesser extent in the ionized fraction is spurious as it does not reflect a primary disturbance of calcium homeostasis.
In summary, a small but significant increase in measured ionized calcium with increasing serum protein concentration was evident with two commercial analysers and the CRM. This rise was independent of the membrane type used and was present when hypertonic salt bridges were used. Further studies are needed to determine if the increase in measured ionized calcium with increasing protein concentration reported here can be eliminated by the use of a reference electrode without a liquid junction in conjunction with the calcium reference method.
